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Abstract: Cyclophilins (CyPs) are a family of enzymes involved in protein folding. Trypanosoma
cruzi, the causative agent of Chagas disease, has a 19-kDa cyclophilin, TcCyP19, that was found to be
secreted in parasite stages of the CL Brener clone and recognized by sera from T. cruzi-infected mice
and patients. The levels of specific antibodies against TcCyP19 in T. cruzi-infected mice and subjects
before and after drug treatment were measured by an in-house enzyme linked immunosorbent assay
(ELISA). Mice in the acute and chronic phase of infection, with successful trypanocidal treatments,
showed significantly lower anti-TcCyP19 antibody levels than untreated mice. In children and adults
chronically infected with T. cruzi, a significant decrease in the anti-TcCyP19 titers was observed
after 12 months of etiological treatment. This decrease was maintained in adult chronic patients
followed-up 30-38 months post-treatment. These results encourage further studies on TcCyP19 as an
early biomarker of trypanocidal treatment efficiency.

Keywords: Chagas; Trypanosoma cruzi; cyclophilin; TcCyP19; ELISA; biomarker; benznidazole;
nifurtimox; parasiticidal treatment

1. Introduction

Chagas disease, which is produced by the unicellular hemoflagellate parasite Try-
panosoma cruzi, is one of the most neglected tropical diseases. It can be transmitted by
triatomine insects by vertical transmission and, to a lesser extent, by blood transfusions and
food contamination [1]. This disease affects about six million people, 12,000 of whom die
each year. The highest prevalence of Chagas disease in the Latin American region is found
in Bolivia (6.75%), Argentina (4.13%) and Paraguay (2.54%) [2]. This infection is also spread
by migration of infected people to non-endemic areas such as the USA, Canada, many
European countries and the Western Pacific [3]. The course of Chagas disease consists of
three distinct phases: acute, indeterminate and chronic. The initial acute phase occurs after
the entry of T. cruzi into the host. At this stage, death occurs in a few cases (<5-10% of
symptomatic cases) as a complication of acute myocarditis and/or meningoencephalitis.
After the acute phase, the infection evolves to a chronic phase. In the chronic phase, approx-
imately 60-70% of patients never present apparent clinical manifestations of the disease,
whereas the remaining 30-40% develop the cardiac and/or gastrointestinal form of Chagas
disease [4]. This disease is very complex and the persistence of the parasite in tissues has
implications for the development of clinical manifestations [5].

Two of the licensed drugs with proven efficacy against Chagas disease are Benznida-
zole (BNZ) and Nifurtimox. Trypanocidal treatment with these drugs in both adults and
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children is effective in terms of seroconversion and parasite load clearance [6,7]. Current
guidelines recommend parasiticidal treatment in the acute phase of T. cruzi infection, in
children younger than 18 years old, in women of childbearing age, in patients with reac-
tivated parasite infection after immunosuppression and in chronic patients with mild or
no cardiac alterations [8]. Treatment in the chronic phase of the infection in patients with
severe cardiomyopathy exerts a trypanocidal effect in certain geographical areas, but does
not lead to an improvement in the clinical outcome [9]. BNZ or nifurtimox treatments
are better tolerated by infants than by older children or adult patients, who frequently
present side effects, dermatitis by hypersensitivity and digestive intolerance due to a nitro-
heterocyclic-compound-related mechanism of action. In fact, about 12-18% of patients
suspend treatments due to these side effects [10-12].

One of the methods currently used to assess treatment efficiency is seroconversion, and
follow-up studies have demonstrated that the rate of reversion to negative serology is very
high when T. cruzi-infected babies are treated [13]. The decrease in anti-parasite antibodies
is expected to be slower than in babies when treatments are administered between 5 and
14-16 years of age [14,15], but faster than treated adults, since serology in adults might take
years or even more than a decade to detect a decrease in specific antibody levels [16].

Preclinical studies in a murine model aiming to obtain a more efficient parasiticidal
treatment with less undesirable effects showed that lower BNZ concentrations alone or
in combination with Allopurinol (ALLO), and even other formulations such as nano-
or micro-particles, improved the solubility and biopharmaceutical performance of the
drug [17-20].

Previous studies have shown that T. cruzi overexpresses cyclophilins (CyPs), which
are a family of proteins highly conserved among species. These proteins have peptidyl
prolyl cis-trans isomerase (PPlase) activity involved in protein folding [21] and are inhibited
by Cyclosporin A, an immunosuppressive agent [22]. In mammals, the most represented
cyclophilin is CyPA, a cytosolic and secreted protein with many biological functions [23].
In our laboratory, we have described the CyP family of T. cruzi, composed of 15 coding
genes [24]. When we analyzed the expression of these genes in the epimastigote stage, we
were able to isolate four Cyclosporin A affinity proteins, identified by mass spectrometry
as TcCyP19, TeCyP22, TcCyP28 and TcCyP40 with molecular weights of 19, 22, 28 and
40 kDa, respectively [24]. We further studied cytosolic TcCyP19, which is homologous to
mammalian CyPA, and found that it is abundantly expressed in epimastigotes, amastigotes
and trypomastigotes and that it exhibits PPlase activity, sensitive to the inhibitory action
of Cyclosporin A and its non-immunosuppressive derivatives [25-27]. Many cytosolic
proteins secreted by T. cruzi have been described as virulence factors with immunostim-
ulatory properties, and, when the parasite secretome was characterized, TcCyP19 was
found to be secreted [28]. This cyclophilin promotes epimastigote survival by neutralizing
parasiticidal peptides in the reduviid T. cruzi vector [29]; when secreted by amastigotes,
TeCyP19 induces intracellular production of reactive oxygen species in host cells, promoting
parasite growth [30], and is involved in infectivity and virulence [31].

The aim of this work was to analyze the antibody levels against TcCyP19 in sera
from T. cruzi-infected experimental animals and patients before and after treatment with
trypanocidal drugs to evaluate its potential value as an early marker for the efficacy of
trypanocidal treatment.

2. Results
2.1. TeCyP19 Cyclophilin Is Secreted in the Extracellular Environment

Since TcCyP19 has been previously found to be excreted /secreted in different T. cruzi
strains [29-31], we first analyzed the secretion of TcCyp19 in the T. cruzi CL Brener clone, the
reference strain of the T. cruzi genome project, and the parasite source of this cloned gene.
TcCyP19 was found to be secreted in the supernatants of epimastigotes, trypomastigotes
and amastigotes of cultures of the CL Brener clone. We then searched whether this protein
elicits specific antibodies in T. cruzi-infected mice and humans. Anti-IcCyP19 antibodies
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were found in the sera of mice infected with the T. cruzi Nicaragua isolate in the acute and
chronic phase, as well as in the blood samples obtained from chronically T. cruzi-infected
humans (Figure 1).

P H- H+ M- Mc Ma kDa

l . -20

Figure 1. The T. cruzi recombinant protein, TcCyP19, electrotransferred onto nitrocellulose strips, was

recognized by sera from a chronically T. cruzi-infected patient (H+), a chronically T. cruzi-infected
mouse (Mc) and an acute T. cruzi-infected mouse (Ma). As negative controls, sera from an uninfected
human (H—) and an uninfected mouse (M—) were used. Polyclonal mouse antibodies against the
TeCyP19 recombinant protein were used as a positive control (P).

To determine whether this qualitative binding of antibodies against TcCyP19 observed
in T. cruzi-infected hosts was correlated to parasite levels of this secreted protein, a further
analysis would be the quantification of specific antibodies when mice and humans diminish
their parasitemia through a parasiticidal treatment. We then developed an enzyme-linked
immunosorbent assay (ELISA) using TcCyP19 recombinant protein as antigen.

2.2. Detection of Antibodies against TcCyP19 Protein in T. cruzi-Infected Mice

In our in-house ELISA to detect TcCyP19, the sera from all uninfected mice were nega-
tive, with optical density (OD) values at 490 nm below 0.05. In contrast, all T. cruzi-infected
mice developed OD values at 490 nm above 0.05, indicating a signal-to-cutoff ratio higher
than 1, which indicates the presence of antibodies against the TcCyP19 recombinant protein.

C3H/HeN mice inoculated with 1000 trypomastigotes of the T. cruzi Nicaragua isolate
(TcN) were treated in the acute phase of the infection with low doses of BNZ formulated in
nanoparticles (10 and 50 mg/kg/day of BNZnps (BNZnp10 and BNZnp50)) [18].

We then searched for anti-TcCyP19 antibodies in sera from these treated mice by using
our in-house ELISA. Mice treated with BNZnp50 showed a significant decrease in antibody
levels compared to untreated mice in the acute phase of the infection. In contrast, mice
treated with BNZnp10 showed high titers of anti-IcCyP19 antibodies, correlated with an
inefficient parasiticidal treatment (Figure 2A). Since untreated TcN-infected C3H/HeN
mice resulted only in a 15% survival rate, with the aim to study drug treatments during
the chronic phase of the T. cruzi infection, another mouse model was assayed: C57BL/6]
mice inoculated with 3000 TcN trypomastigotes. These mice showed a survival rate of
45% after the acute phase. We then evaluated the levels of anti-TcCyP19 antibodies in mice
in the chronic phase of T. cruzi infection by comparing the administration of continuous
and intermittent treatments [19]. The levels of anti-TcCyP19 antibodies in mice treated
with continuous administration of BNZ and in those treated with intermittent treatment
(BNZit75) in combination with ALLO were lower and showed a significant difference
with antibody titers of untreated T. cruzi-infected mice. However, mice receiving BNZit75
without the addition of ALLO did not exhibit significantly different levels of anti-TcCyP19
antibodies compared to those of untreated mice (Figure 2B).

2.3. Detection of Antibodies against TcCyP19 Protein in Chronically Infected T. cruzi Patients

Sixteen T. cruzi-infected adults and seventeen T. cruzi-infected children who had
received trypanocidal treatment were evaluated in this study. The data of recruited patients,
including gender, age, drug treatment and time at which the blood sample was obtained
after the treatment, are summarized in Table 1. Adult and pediatric patients were treated
with BNZ or Nifurtimox (as described in Section 4.6).
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Figure 2. Anti-TcCyP19 specific antibody levels tested in an in-house ELISA. (A) Serum samples were
obtained from C3H/HeN mice infected with a T. cruzi Nicaragua isolate (TcN) treated in the acute
phase of the infection with a formulation of Benznidazole in nanoparticles. BNZnp10: mice treated
with 10 mg BNZ/kg/day (A); BNZnp50: mice treated with 50 mg BNZ/kg/day (M) (as described in
Section 4.4) Sera from untreated T. cruzi-infected mice (e) were used as a positive control (** p < 0.01).
(B) Serum samples were obtained from C57BL/ 6] mice infected with TcN treated in the chronic phase
of the infection. Mice were treated with continuous doses of BNZc75+ALLO ([J) and BNZc50+ALLO
(0) or intermittent treatments with one dose of BNZit75+ALLO (4) or BNZit75 (M) (as described in
Section 4.5). Sera from untreated T. cruzi-infected mice were used as positive control (A) (** p < 0.01,
* p < 0.05). Results are expressed using the signal-to-cutoff (S/Co) ratio, by dividing the OD value of
the samples tested by the OD value of the assay cut-off. The dash line represents S/Co = 1, the ratio
obtained with sera from uninfected mice.

Table 1. Patients included in this study.

N Sex (%) Treatment Mean Age Mean Time (Months)
BZN Nifurtimox in Years of Sampling after
Female ~ Male (%) (%) (Range) Treatment (Range)
12/16 4/16 15/16 1/16 38.9 11.9
Adults 16 (75) 25) (94) 6) (22-48) (2-39)
Group A 10 5/10 5/10 9/10 1/10 8.3 73
p (50) (50) (90) (10) (6-14) (48-120)
Children
Group B v 3/7 4/7 6/7 1/7 12.6 59.7
P 43) (57) (86) (14) (1116) (48-73)

Human sera were tested with the in-house ELISA developed to detect TcCyP19 an-
tibodies. All serum samples from uninfected humans showed OD values below 0.05 at
490 nm. In contrast, most of the serum samples from T. cruzi-infected humans developed
OD values above 0.05 with a signal-to-cutoff ratio higher than 1, which evidenced the
presence of anti-TcCyP19 antibodies.

In Table 1, “Children, group A” refers to those children who achieved seroconversion
after treatment. “Children, group B” refers to those who sustained serological responses
after a 5-year post-treatment follow-up [15].

From each recruited adult patient, we obtained one blood sample previous to treatment
with BNZ or Nifurtimox, and another sample after the complete drug treatment. Anti-
TcCyP19 antibodies were tested by our in-house ELISA in these paired samples, before and
after parasiticidal treatment in the first blood sample withdrawn after treatment at a mean
of 11.9 months for adults and 6 months for children.
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The antibody levels against the TcCyP19 recombinant protein from adult T. cruzi-
infected and treated patients are shown in Figure 3.
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Figure 3. Comparison of samples from adult treated patients withdrawn before and after parasiticidal
treatment. Antibody levels against TcCyP19 recombinant protein detected in sera from treated patients
significantly decreased after treatment. Blood samples after treatment were obtained at a mean of
11.9 months. A p value of 0.0005 (***) indicates a significant difference between the two sample
groups using a parametric analysis. The dash line represents S/Co = 1, a ratio obtained with sera
from uninfected patients.

It is worth noting that the serum samples of T. cruzi-infected patients in the chronic
phase showed great variability regarding the reactivity to this recombinant protein, a fact
that can also be observed in the conventional ELISA method and in Figure 4. From the
adult patients studied, we obtained three to four blood samples at different times, from 6 to
38 months, after treatment. The decrease in antibodies against TcCyP19 recombinant protein
and total T. cruzi antigens detected by the conventional ELISA assay can be visualized
individually in Figure 4. In these four adult patients, the anti-TcCyP19 antibody titers
allowed us to visualize a successful trypanocidal effect earlier, between 4 and 6months
post-treatment, compared with the antibody levels measured by the conventional ELISA
serology (Figure 4).

Serum samples from children treated with BNZ or Nifurtimox were grouped in two
categories according to the results of the conventional serology after treatment at the
end of follow-up: a group who achieved seronegativization after 12 months of trypanoci-
dal treatment (group A), and in another group who did not achieve seronegativization
(group B) [15]. The levels of antibodies against the TcCyP19 recombinant protein found in
both groups were significantly different (p = 0.0377 for group A and p = 0.0199 for group B)
after one year of trypanocidal therapy (Figure 5). In addition, a significant decrease in
anti-TcCyP19 protein was also found 6 months post-treatment (p = 0.0296) in children of
group B, who did not show a decrease in the conventional serological response (Figure 5).
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Figure 4. Anti-TcCyP19 antibodies - - -B- - - and anti-T. cruzi antibodies -e- by conventional ELISA
serology from patients treated with trypanocidal drugs as described in Section 4.8. Post-treatment
blood samples obtained from Patient 1 at 4, 26 and 38 months; from Patient 2 at 6, 12, 24 and
37 months; from Patient 3 at 6, 18 and 30 months; and from Patient 4 at 6, 28 and 36 months. A
decrease in the reactivity of this recombinant protein can be seen regarding the baseline reaction at
4-6 months after therapy. Results are expressed as OD value at 490 nm.

S/Co

Number of months after treatment

Figure 5. Anti-TcCyP19 antibodies from children treated with trypanocidal drugs as described
in Material and Methods. Post-treatment blood samples were withdrawn at 6, 12 and a mean
of 74 months (range 48-120 months). (A): Group of children who achieved seroconversion by
conventional serology after treatment. (B) Group of children who sustained serological responses
after a 5 year post-treatment follow-up. * p < 0.05.

3. Discussion
TcCyP19 is highly expressed in all studied parasite stages. We found it secreted in the

supernatants of parasite cultures in the T. cruzi CL Brener clone, the reference strain in the
T. cruzi genome Project. TcCyP19 sequence was deposited in GenBank with the Accession
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number AI021872. There is a large amount of evidence that Cyclophilin A (CyPA), its
homologous protein in mammals, is secreted by different cell types [32]. Other research
groups have previously demonstrated that TcCyp19 is secreted by epimastigotes of several
T. cruzi strains [29]. This protein has also been found secreted by trypomastigotes of the
T. cruzi Y strain, and in the host cell cytosol by intracellular amastigotes [31]. TcCyP19
homologous protein has also been found in the secretome of African trypanosomes [33].

The amino acid sequence of TcCyp19 does not indicate a secretion signal, and in
addition, in the absence of an endoplasmic reticulum (ER) signal sequence, neither TcCyP19
nor CyPA are secreted through the classical ER-Golgi secretory pathway. More experimental
evidence is needed to assess the secretion mechanism of these cyclophilins.

Biomarkers are defined as biological molecules found in blood or other body fluids
that could be measurable indicators of a condition or disease. In this work, we analyzed
a secreted T. cruzi protein to assess the efficiency of parasiticidal treatments in T. cruzi-
infected hosts. When trypanocidal drugs reduce parasite loads in treated hosts, a logical
consequence is the lower amount of parasite-secreted proteins [34].

We used the signal-to-cutoff (S/Co) ratio to express the results of our in-house ELISA—
TeCyP19—which has been very useful in the screening of viral infections such as hepatitis
C because it accurately predicts HCV viremia [35,36] and allows the clinical classification
of HIV-infected patients [37].

T. cruzi Nicaragua isolate-infected mice treated in the acute phase of infection with BNZ
formulated in nanoparticles survived up to 60 days post-treatment, confirming trypanocidal
efficiency, while 85% of untreated mice did not survive the T. cruzi infection. Mice treated
with BNZnp50 in the acute phase of the infection, which was the most efficient treatment,
showed low levels of anti-TcCyP19 protein and negative titers of anti-T. cruzi antibody
levels in a conventional ELISA compared to BNZnp10-treated mice, who presented higher
humoral responses against T. cruzi and TcCyP19 protein. This is in accordance with the
lower levels of parasitemia, assessed by qPCR, and the less histopathological damage found
in mice treated with more efficient treatments such as BNZnp50 [18].

T. cruzi Nicaragua isolate-infected C57BL/6] mice treated during the chronic phase
of infection with an intermittent administration of BNZit75 or in combination with ALLO
showed higher levels of anti-TcCyP19 antibodies than those receiving continuous par-
asiticidal treatments. This difference has also been observed with conventional ELISA,
although no differences were observed in the parasite load of both groups of experimental
animals [19]. In the TeN-C57BL /6] mouse model, all BNZ treatments reduced the inflam-
matory lesions in the heart, and ALLO addition decreased the inflammation in BNZc50
continuous treatments. No significant differences were found in anti-TcCyP19 antibody
levels in BNZit75-treated mice compared to untreated animals and those treated with
BNZit75 + ALLO [19]. In C57BL/ 6] mice treated in the chronic phase of T. cruzi infection,
continuous drug treatments showed an increased reduction in anti-TcCyP19 antibodies
than intermittent administration of BNZ (Figure 2B).

Trypanocidal treatments in Chagas disease have been extensively studied in adult
chronic patients, being one of the main challenges in the evaluation of treatment efficiency
in clinical, parasitological and serological studies.

In chronically T. cruzi-infected patients, it is very difficult to evaluate treatment success
by measuring the conversion to negative serology in T. cruzi infection. Although serological
tests with T. cruzi total proteins such as antigens are very sensitive in diagnosing an
infection, they are not useful to test the success of antiparasitic treatments due to the long
persistence of specific antibodies, which have been found even more than 10 years post-
treatment [38,39]. Moreover, a study that followed up 430 chronic Chagas disease patients
after treatment showed that a complete seronegative status was achieved in an average of
11.7 years [16].

In this context, there is a need to identify biomarkers that allow the evaluation of the
treatment efficacy in a short period of time, providing information on the progression of
the disease.
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The quantification of parasite DNA is valuable to measure the parasiticidal treatment
success in acute T. cruzi infections, characterized by high parasite loads in baseline samples.
The measure of parasitemia by qPCR is very useful to detect the amplification of T. cruzi
DNA as a failure of the trypanocidal treatment since it detects parasite persistence. In
chronic T. cruzi infections, children present a larger proportion of parasite load in their
pre-treatment sample [7] than adult patients. In this group of samples of T. cruzi-infected
subjects, we were not able to detect parasitemia after treatment because most of them had
no detectable parasite load in their baseline sample or a blood sample was not available.
Previous studies have demonstrated that parasite hemocultures performed with blood
samples from treated patients are significantly different from those performed with samples
from untreated patients [39,40]. However, a negative hemoculture and negative DNA
amplifications after treatment do not indicate parasitological cure, since the parasite load
could be below the sensitivity of these methods or might fluctuate during the chronic phase
of T. cruzi infection [39,41]. In this context, a multiplex serological assay has proved to
be more efficient than conventional serology in evaluating subjects with chronic Chagas
disease after etiological treatment, since recombinant antigens have been found to detect
seroconversion at earlier time points after therapy [6].

The children and adults chronically infected by T. cruzi studied in this work showed sig-
nificantly lower levels of antibodies against the TcCyP19 recombinant protein at 12 months
after etiological treatment, and this was generally sustained until 48-120 months or
30-38 months after treatment in the case of children and adults, respectively. Interest-
ingly, we also detected a decline in the specific antibodies for TcCyP19 in the group of
chronically T. cruzi-infected children that previously had not exhibited any change in con-
ventional serology [15]. Moreover, four out of seven of this group of children whose blood
samples were analyzed by a multiplex serological assay showed a significant decline in
more than two recombinant proteins at 12 months post-treatment [15].

Due to the limitations of conventional serology and the lack of reliable parasitological
assays to follow up the success of trypanocidal treatments, some other T. cruzi molecules
were assayed as potential biomarkers of an early therapeutic response. The T. cruzi KMP11,
HSP70 and PFR2 [42]; TcTASV antigens [43]; and Tc_5171 antigen [34], among many others,
have been proposed as follow-up biomarkers, reviewed in [41,44]. In particular, the T.
cruzi Ca?*-binding flagellar protein F29 has been extensively studied as an early marker
of response to treatment with parasiticidal drugs in samples from treated patients. A
significant decrease in antibodies against the anti-F29 antigen in an in-house ELISA was
noted when monitoring the response to drug treatments [45], and although a low specificity
has been detected [46], recent results have shown that 77.2% of T. cruzi-infected children
treated with a 60-day regimen with Nifurtimox seroconvert for ELISA-F29 [47].

Most of these recombinant antigens were recognized by sera from Chagas disease
patients with statistical significance compared with the sera from healthy donors. In general,
a significant decrease in the reactivity against many biomarkers was observed in a high
percentage of patients soon after etiological treatment and in the reactivity during the
post-treatment follow-up period.

Many efforts have been made to identify T. cruzi serological biomarkers, but further
studies are needed regarding the assessment of therapeutic efficacy in patients living in
different endemic areas and those with pathological alterations and of its specificity respect
to other infectious diseases. Although the ELISA-TcCyP19 described in this work requires
analytical and clinical validation, this recombinant protein seems a promising tool to assess
early parasiticidal treatment follow-up in T. cruzi-infected patients.

4. Materials and Methods
4.1. Parasites
Epimastigotes of the T. cruzi CL Brener clone were cultured at 28 °C in Liver Infusion

Tryptose (LIT) medium (Difco) supplemented with 10% fetal bovine serum (FBS) (Natocor,
Coérdoba, Argentina). Cell-derived T. cruzi trypomastigotes were obtained from cell cultures
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by using Vero cells at 37 °C in a 5% CO, atmosphere in RPMI 1640 medium (Sigma Aldrich,
St. Louis, MO, USA) supplemented with 10% FBS. Axenic amastigotes were obtained by
incubation in RPMI medium with 10% FBS and pH 5.0 of cell-derived trypomastigotes for
24 h at 37 °C in a 5% CO, atmosphere.

4.2. Expression and Purification of T. cruzi CyP19 Recombinant Protein

The coding region for the TENU0559 DNA clone was cloned into a pQE30 plasmid
(Qiagen, Gilden, Germany) and the E. coli M15 strain was transformed. TcCyP19 recombi-
nant protein expression was induced with 1 mM isopropyl-L-D-thiogalactopyranoside and
purified by a Ni2-nitriloacetate agarose column, as previously described [25].

4.3. Obtention and Purification of Polyclonal Antibodies against TcCyP19

Specific antibodies against the purified TcCyP19 recombinant protein were obtained
by inoculating BALB/c mice. A mixture of 200 micrograms of TcCyP19 with 100 microliters
of Freund incomplete adjuvant was administered in 10 weekly doses by the intraperitoneal
route. Antibodies were purified from sera from immunized mice by Protein A Sepharose®
High Performance chromatography (Sigma Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions.

4.4. Sera from Mice Infected with T. cruzi and Treated in the Acute Phase

Four-week-old female C3H/HeN mice were intraperitoneally infected with 1000 culture-
derived trypomastigotes of the Nicaragua isolate of T. cruzi and then treated with a Ben-
znidazole (N-benzyl-2-nitro-1-imidazole-acetamide; ® Abarax ELEA Lab, Buenos Aires,
Argentina) nanoparticle formulation (BNZnp) for 30 days, at 2 to 32 days post-infection
at a dose of 50 mg/day (BNZnp50) (n = 6) or 10 mg/kg/day (BNZ-np10) (n = 6). Control
infected mice without treatment (n = 5) received only the drug vehicle (olive oil). Blood
from uninfected mice and T. cruzi-infected treated and untreated mice was collected from
the orbital venous sinus (500 pL) at 3 and 6 months post-infection, and serum was obtained
by centrifugation of coagulated blood.

4.5. Sera from Mice Infected with T. cruzi and Treated in the Chronic Phase

Four-week-old female C57BL/6] mice were intraperitoneally infected with 3000 culture-
derived T. cruzi Nicaragua isolate trypomastigotes. Mice received treatments at 3 months
post-infection with continuous 30 doses of BNZ (BNZc) of 50 mg/kg/day (n = 5) or
75 mg/kg/day (n = 4), or an intermittent dose regimen of BNZ (BNZit) of 75 mg/kg/day
(n = 9) supplemented in one dose every 7 days 13 times. In addition, in all schemes,
30 doses of 64 mg/kg/day ALLO (4-hydroxypyrazol 3, 4-d pyrimidine, Gador Lab, Buenos
Aires, Argentina) were supplied, except to one group of mice that received only BNZit
75 mg/kg/day (n = 4). Blood from uninfected and infected treated and untreated mice
was collected from the orbital venous sinus (500 pL) at 3 and 6 months post-infection, and
serum was obtained by centrifugation of coagulated blood. In both sets of experiments,
mice were located in a room with a controlled temperature and water and food ad libitum
and then randomly selected prior to infection and assignment to the treatment groups.

4.6. Sera from Patients Infected with T. cruzi and Treated in the Chronic Phase

T. cruzi-infected adult volunteers (n = 16, twelve females and four males aged 2248 years
old) and T. cruzi-infected children (n = 17, eight females and nine males, 5 to 16 years old)
were enrolled at the Clinical Department of INP-ANLIS Malbran. All children were born to
T. cruzi-infected women. Age- and sex-matched children with negative serological findings
were recruited as uninfected controls. Adults and children were living in a non-endemic
area (Buenos Aires) and, at the time of the recruitment, were considered infected by T. cruzi
by our Diagnostic Department, since they were seropositive for at least two of the three
tests performed: indirect immunofluorescence assay, indirect hemagglutination assay and
ELISA [8]. Individuals were classified in the 0 group according to the Kuschnir clinical
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classification. Adult and pediatric patients were treated with BNZ, 5 mg/kg body weight
per day for 60 days or with 10 mg/kg per day of nifurtimox for 60 days. One blood
sample before treatment and several others after treatment were obtained from each patient,
and some of them were followed up until 38 months post-treatment (Table 1). Twenty
serum samples from healthy and infected but not treated adult patients who attended the
Diagnostic Department of the INP-ANLIS Malbran for diagnosis were, respectively, used
as negative and positive controls for the ELISA developed to detect TcCy19 and Western
blotting. Age- and sex-matched children with negative serological findings were recruited
as uninfected controls.

4.7. Immuno-Enzymatic Analysis of Proteins Electrotransferred to Nitrocellulose Membranes
(Western Blot)

The T. cruzi recombinant protein TcCyP19 was separated by SDS-PAGE and elec-
trotransferred from polyacrylamide gels onto nitrocellulose membranes in Tris 25 mM,
glycine 192 mM and 20% v/v of methanol in Mini Protean II (Bio Rad, Hercules, CA, USA)
equipment at 30 V overnight at 4 °C. Strips were blocked in 5% skimmed milk in PBS at
room temperature (RT) for 1 h and then incubated at RT for 1 h with polyclonal mouse
anti-TcCyP19 (1:2000). For the detection of TcCyP19 in the sera from mice and humans,
strips were incubated for 1 h at RT with sera from anti-TcCyP19 elicited in mice (1:1000), an
uninfected human, a chronic adult T. cruzi-infected patient, an uninfected mouse, and a
chronic and acute T. cruzi-infected mouse, all diluted to 1:100. Membranes were washed
with PBS-Tween20 and then incubated at RT for 1 h with biotinylated anti-mouse IgG
(Jackson, West Grove, PA, USA) (1:2000) or goat anti-human Horseradish Peroxidase (Invit-
rogen, Waltham, MA, USA) (1:5000) (Abcam, Cambridge, United Kingdom). After washing,
membranes were incubated with streptavidin-horseradish peroxidase (Jackson) (1:1000) at
RT for 30 min. Detection was performed with alpha-chloronaphtol.

4.8. In-House ELISA for Evaluation of Anti-TcCyP19 Antibodies (ELISA-TcCyP19)

Each well of the ELISA plate was primed overnight at 4 °C with TcCyp19 recombinant
protein (50 ng/well). Subsequently, wells were washed with PBS-0.05% Tween 20 and
incubated with blocking solution (PBS supplemented with 5% skim milk). After three
washes with PBS-0.05% Tween, a 1:200 dilution of both mouse and human samples, controls
and trypanocidal drug-treated samples were added and incubated at 37 °C for 1 h. After
three washes, HRP goat anti-human IgG antibody (Invitrogen) or anti-mouse antibodies
labeled with biotin (Invitrogen) and then peroxidase (Roche, Basel, Switzerland) were
incubated at 37 °C for 1 h. After three washes with PBS-0.05% Tween 20, the reaction was
developed using o-phenylenediamine dihydrochloride and hydrogen peroxide (0.02%)
at 37 °C for 10 min. The enzymatic reaction was stopped by adding 2N HySO4. Optical
densities (OD) were read at 490 nm with an ELISA microplate reader (MINDRAY ME-
96A). The results are presented as normalized signal-to-cutoff (S/Co) ratios calculated by
dividing the OD value of the sample being tested by the OD value of an internal cutoff.

4.9. Statistical Analysis

Data analyses were performed using the GraphPad PRISM 8.0.1 software. The normal
distribution of data was verified by the Shapiro-Wilk normality test. Treatment groups were
compared using the Kruskal-Wallis test, followed by Dunn’s multiple comparison tests. For
data with a gaussian distribution, a Paired t-test was applied to analyze differences in 5/Co,
and two-tailed p values were calculated. A unpaired nonparametric Mann-Whitney test
was performed to compare the S/CO values of two groups. Differences were considered to
be statistically significant when p < 0.05.

5. Conclusions

The use of recombinant TcCyP19 as an antigen in an ELISA allowed the detection of
an efficient trypanocidal treatment in mice with chronic and acute T. cruzi infections. The
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reactivity with the TcCyP19 antigen also significantly decreased in the sera from chronically
T. cruzi-infected adults and children treated with trypanocidal drugs at 12 months after
treatment, while conventional serology remains reactive for decades. Remarkably, this
recombinant protein could detect lower levels of specific antibodies in those treated children
who sustained their conventional serological response. These results encourage us to
further evaluate this recombinant protein in an increased number of T. cruzi-infected
treated patients for analytical and clinical validation to support the use of TcCyP19 as a
biomarker of the efficacy of antiparasitic treatment in patients chronically infected with
T. cruzi.

Author Contributions: Conceptualization and research design, ].B. and A.E.P.; methodology, A.E.P,
M.P, MSR, C.G. and N.M,; software, A.E.P. and M.P; formal analysis, A.E.P,, M.P. and J.B.; investi-
gation, ].B,; resources, S.A.L.,, M.E, M.C.A. and L.E.F; writing—original draft preparation, ].B., A.E.P.
and P.L.B.; writing—review and editing, ].B., A.E.P,, S.A.L. and P.L.B.; supervision, S.A.L.,, M.E,, LE.F.
and M.C.A; project administration, J.B. and P.L.B.; funding acquisition, ].B., PL.B., L.E.F, S.A.L. and
M.C.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding and was supported by the Scientific and Tech-
nological Research Fund (FONCyT), Argentina (PICT 2019-03030 IP ]. Bua) and Fondos Concursables
de la ANLIS Carlos G. Malbran 2015, IP A. Perrone. P.L.B., L.E.F, S.A.L.,, M.C.A. and ].B. are members
of the Scientific Career, CONICET, Argentina. M.P. is a fellow of the Scientific and Technological
Research Fund (FONCyT), Argentina.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki. All procedures involving experimental protocols in animals were conducted
in accordance with ethical legislation and standards issued by regulatory entities established in
Argentina, and were approved by the Bioethics Committee of the National Institute of Parasitology
Dr Mario Fatala Chaben (registered RENIS No.: 000028, June 2016). They also met the international
recommendations for the use of laboratory animals. The use of human adult serum samples was
approved by the Ethics Committee of the National Institute of Parasitology Dr Mario Fatala Chaben
(protocol code 007 and date of approval May 2022). The protocol for child treatment (No. 14-0004)
was approved by the Institutional Review Boards of the Hospital Eva Perén, and Centro Nacional de
Genética, Buenos Aires, Argentina.

Informed Consent Statement: All subjects involved in the study voluntarily agreed to participate by
signing the corresponding Informed Consent Form. Informed written consent was obtained from the
parents of all children included in the study.

Data Availability Statement: Data are available on request to the corresponding author.

Acknowledgments: We thank the support of the Diagnostic Department of the National Institute
of Parasitology and Mario Fatala Chaben for performing the diagnosis of T. cruzi infection. We
acknowledge the technical support of Constanza Lopez Albizu, Daniela Olivetto, Leticia Orellana,
Flavia Maldonado and Claudia Nose.

Conflicts of Interest: No potential conflicts of interest are disclosed by any authors, since this research
was conducted in the absence of any commercial or financial relationships.

References

1. Pérez-Molina, ].A.; Molina, I. Chagas disease. Lancet 2018, 391, 82-94.

2. Bern, C.; Verastegui, M.; Gilman, R.H.; Lafuente, C.; Galdos-Cardenas, G.; Calderon, M.; Pacori, J.; Del Carmen Abastoflor, M.;
Aparicio, H.; Brady, M.E; et al. Congenital Trypanosoma cruzi transmission in Santa Cruz, Bolivia. Clin. Infect. Dis. 2009, 49,
1667-1674. [CrossRef]

3. World Health Organization. Chagas Disease (American Trypanosomiasis). Available online: https://www.who.int/health-
topics/chagas-disease (accessed on 20 May 2023).

4.  Rassi, A, Jr.; Rassi, A.; Marcondes de Rezende, ]. American trypanosomiasis (Chagas disease). Lancet 2012, 26, 275-291.

5. Zacks, M.A,; Wen, ].]; Vyatkina, G.; Bhatia, V.; Garg, N. An overview of chagasic cardiomyopathy: Pathogenic importance of
oxidative stress. Acad. Bras. Cienc. 2005, 77, 695-715.

6.  Viotti, R.; Vigliano, C.; Alvarez, M.G.; Lococo, B.; Petti, M.; Bertocchi, G.; Armenti, A.; De Rissio, A.M.; Cooley, G.; Tarleton, R.;
et al. Impact of Aetiological Treatment on Conventional and Multiplex Serology in Chronic Chagas Disease. PLoS Negl. Trop. Dis.
2011, 5, e1314. [CrossRef]


https://doi.org/10.1086/648070
https://www.who.int/health-topics/chagas-disease
https://www.who.int/health-topics/chagas-disease
https://doi.org/10.1371/journal.pntd.0001314

Int. . Mol. Sci. 2023, 24, 11875 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Altcheh, J.; Castro, L.; Dib, J.C.; Grossmann, U.; Huang, E.; Moscatelli, G.; Rocha, J.].P.; Ramirez, T.E.; on behalf of the CHICO
Study Group. Prospective, historically controlled study to evaluate the efficacy and safety of a new paediatric formulation of
nifurtimox in children aged 0 to 17 years with Chagas disease one year after treatment (CHICO). PLoS Negl. Trop. Dis. 2021, 15,
€0008912. [CrossRef]

Pan American Health Organization. Guidelines for the Diagnosis and Treatment of Chagas Disease. Available online: http:
/ /iris.paho.org/xmlui/bitstream /handle /123456789 /49653 /9789275120439_eng.pdf?sequence=6&isAllowed=y (accessed on 20
May 2023).

Morillo, C.A.; Marin-Neto, J.A.; Avezum, A.; Sosa-Estani, S.; Rassi, A., Jr.; Rosas, E; Villena, E.; Quiroz, R.; Bonilla, R.; Britto, C.;
et al. Randomized Trial of Benznidazole for Chronic Chagas’ Cardiomyopathy. N. Engl. ]. Med. 2015, 373, 1295-1306.

Pinazo, M.-].; Guerrero, L.; Posada, E.; Rodriguez, E.; Soy, D.; Gascon, J. Benznidazole-Related Adverse Drug Reactions and Their
Relationship to Serum Drug Concentrations in Patients with Chronic Chagas Disease. Antimicrob. Agents Chemother. 2013, 57,
390-395. [CrossRef]

Docampo, R.; Moreno, S.N.J. Free Radical Metabolites in the Mode of Action of Chemotherapeutic Agents and Phagocytic Cells
on Trypanosoma cruzi. Clin. Infect. Dis. 1984, 6, 223-238. [CrossRef]

Viotti, R.; Vigliano, C.; Lococo, B.; Alvarez, M.G.; Petti, M.; Bertocchi, G.; Armenti, A. Side effects of benznidazole as treatment in
chronic Chagas disease: Fears and realities. Expert. Rev. Anti-Infect. Ther. 2009, 7, 157-163. [CrossRef]

Andrade, A.L.; Martelli, C.M.; Oliveira, R.M.; Silva, S.A.; Aires, A.L,; Soussumi, L.M.; Covas, D.T.; Silva, L.S.; Andrade, ].G.;
Travassos, L.R.; et al. Short report: Benznidazole efficacy among Trypanosoma cruzi-infected adolescents after a six-year follow-up.
Am. ]. Trop. Med. Hyg. 2004, 71, 594-597. [CrossRef] [PubMed]

Sosa Estani, S.; Segura, E.L.; Ruiz, A.M.; Velazquez, E.; Porcel, B.M.; Yampotis, C. Efficacy of chemotherapy with benznidazole in
children in the indeterminate phase of Chagas’ disease. Am. J. Trop. Med. Hyg. 1998, 59, 526-529. [CrossRef] [PubMed]
Albareda, M.C.; Natale, M.A; De Rissio, A.M.; Fernandez, M.; Serjan, A.; Alvarez, M.G.; Cooley, G.; Shen, H.; Viotti, R;; Bua, J ;
et al. Distinct Treatment Outcomes of Antiparasitic Therapy in Trypanosoma cruzi-Infected Children Is Associated With Early
Changes in Cytokines, Chemokines, and T-Cell Phenotypes. Front. Immunol. 2018, 9, 1958. [CrossRef] [PubMed]

Viotti, R.; Vigliano, C.; Lococo, B.; Bertocchi, G.; Petti, M.; Alvarez, M.G.; Postan, M.; Armenti, A. Long-term cardiac outcomes of
treating chronic Chagas disease with benznidazole versus no treatment: A nonrandomized trial. Ann. Intern. Med. 2006, 144,
724-734. [CrossRef]

Scalise, M.L.; Arrua, E.C.; Rial, M.S.; Esteva, M.I1; Salomon, C.J.; Fichera, L.E. Promising Efficacy of Benznidazole Nanoparticles
in Acute Trypanosoma cruzi Murine Model: In-Vitro and In-Vivo Studies. Am. . Trop. Med. Hyg. 2016, 95, 388-393. [CrossRef]
Rial, M.S.; Scalise, M.L.; Arrta EEsteva, M.I.; Salomon, C.J.; Fichera, L.E. Elucidating the impact of low doses of nano-formulated
benznidazole in acute experimental Chagas disease. PLoS Negl. Trop. Dis. 2017, 11, €0006119. [CrossRef]

Rial, M.S.; Scalise, M.L.; Lopez Alarcon, M.; Esteva, M.I; Bua, J.; Benatar, A.F,; Prado, N.G.; Riarte, A.R.; Fichera, L.E. Experimental
combination therapy using low doses of benznidazole and allopurinol in mouse models of Trypanosoma cruzi chronic infection.
Parasitology 2019, 146, 305-313. [CrossRef]

Rial, M.S.; Seremeta, K.P.; Esteva, M.L; Bda, ]J.; Salomon, C]J.; Fichera, L.E. In vitro studies and preclinical evaluation of
benznidazole microparticles in the acute Trypanosoma cruzi murine model. Parasitology 2021, 148, 566-575. [CrossRef]
Handschumacher, R.E.; Harding, M.W.; Rice, J.; Drugge, R.J.; Speicher, D.W. Cyclophilin: A specific cytosolic binding protein for
cyclosporin A. Science 1984, 226, 544-547. [CrossRef]

Takahashi, N.; Hayano, T.; Suzuki, M. Peptidyl-prolyl cis-trans isomerase is the cyclosporin A-binding protein cyclophilin. Nature
1989, 337, 473-475. [CrossRef]

Galat, A.; Bua, J. Molecular aspects of cyclophilins mediating therapeutic actions of their ligands. Cell Mol. Life Sci. 2010, 67,
3467-3488. [CrossRef] [PubMed]

Potenza, M.; Galat, A.; Minning, T.A.; Ruiz, A.M.; Duran, R.; Tarleton, R.L.; Marin, M.; Fichera, L.E.; Bua, J. Analysis of the
Trypanosoma cruzi cyclophilin gene family and identification of Cyclosporin A binding proteins. Parasitology 2006, 132 Pt 6,
867-882. [CrossRef] [PubMed]

Bua, J.; Aslund, L.; Pereyra, N.; Garcia, G.A.; Bontempi, E.J.; Ruiz, A.M. Characterisation of a cyclophilin isoform in Trypanos.
Cruzi. FEMS Microbiol. Lett. 2001, 200, 43-47. [CrossRef] [PubMed]

Bua, J.; Ruiz, A.M.; Potenza, M.; Fichera, L.E. In vitro anti-parasitic activity of Cyclosporin A analogs on Trypanosoma cruzi. Bioorg
Med. Chem. Lett. 2004, 14, 4633—4637. [CrossRef]

Bua, |.; Fichera, L.E.; Fuchs, A.G.; Potenza, M.; Dubin, M.; Wenger, R.O.; Moretti, G.; Scabone, C.M.; Ruiz, A.M. Anti-Trypanosoma
cruzi effects of cyclosporin A derivatives: Possible role of a P-glycoprotein and parasite cyclophilins. Parasitology 2008, 135,
217-228. [CrossRef]

Bayer-Santos, E.; Aguilar-Bonavides, C.; Rodrigues, S.P.; Cordero, E.M.; Marques, A.F.; Varela-Ramirez, A.; Choi, H.; Yoshida,
N.; da Silveira, J.E; Almeida, I.C. Proteomic analysis of Trypanosoma cruzi secretome: Characterization of two populations of
extracellular vesicles and soluble proteins. J. Proteome Res. 2013, 12, 883-897. [CrossRef]

Kulkarni, M.M.; Karafova, A.; Kamysz, W.; Schenkman, S.; Pelle, R.; McGwire, B.S. Secreted trypanosome cyclophilin inactivates
lytic insect defense peptides and induces parasite calcineurin activation and infectivity. J. Biol. Chem. 2013, 288, 8772-8784.
[CrossRef]


https://doi.org/10.1371/journal.pntd.0008912
http://iris.paho.org/xmlui/bitstream/handle/123456789/49653/9789275120439_eng.pdf?sequence=6&isAllowed=y
http://iris.paho.org/xmlui/bitstream/handle/123456789/49653/9789275120439_eng.pdf?sequence=6&isAllowed=y
https://doi.org/10.1128/AAC.01401-12
https://doi.org/10.1093/clinids/6.2.223
https://doi.org/10.1586/14787210.7.2.157
https://doi.org/10.4269/ajtmh.2004.71.594
https://www.ncbi.nlm.nih.gov/pubmed/15569790
https://doi.org/10.4269/ajtmh.1998.59.526
https://www.ncbi.nlm.nih.gov/pubmed/9790423
https://doi.org/10.3389/fimmu.2018.01958
https://www.ncbi.nlm.nih.gov/pubmed/30271399
https://doi.org/10.7326/0003-4819-144-10-200605160-00006
https://doi.org/10.4269/ajtmh.15-0889
https://doi.org/10.1371/journal.pntd.0006119
https://doi.org/10.1017/S0031182018001567
https://doi.org/10.1017/S0031182020002310
https://doi.org/10.1126/science.6238408
https://doi.org/10.1038/337473a0
https://doi.org/10.1007/s00018-010-0437-0
https://www.ncbi.nlm.nih.gov/pubmed/20602248
https://doi.org/10.1017/S0031182005009558
https://www.ncbi.nlm.nih.gov/pubmed/16700961
https://doi.org/10.1016/S0378-1097(01)00193-8
https://www.ncbi.nlm.nih.gov/pubmed/11410347
https://doi.org/10.1016/j.bmcl.2004.07.003
https://doi.org/10.1017/S003118200700371X
https://doi.org/10.1021/pr300947g
https://doi.org/10.1074/jbc.M112.421057

Int. . Mol. Sci. 2023, 24, 11875 13 0f 13

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

Dos Santos, G.P.; Abukawa, EM.; Souza-Melo, N.; Alcantara, L.M.; Bittencourt-Cunha, P.; Moraes, C.B.; Jha, B.K.; McGwire, B.S.;
Moretti, N.S.; Schenkman, S. Cyclophilin 19 secreted in the host cell cytosol by Trypanosoma cruzi promotes ROS production
required for parasite growth. Cell Microbiol. 2021, 23, e13295.

Jha, B.K,; Varikuti, S.; Verma, C.; Shivahare, R.; Bishop, N.; Dos Santos, G.P.; McDonald, J.; Sur, A.; Myler, PJ.; Schenkman, S.;
et al. Immunization with a Trypanosoma cruzi cyclophilin-19 deletion mutant protects against acute Chagas disease in mice. NPJ
Vaccines 2023, 8, 63. [CrossRef]

Hoffmann, H.; Schiene-Fischer, C. Functional aspects of extracellular cyclophilins. Biol. Chem. 2014, 395, 721-735. [CrossRef]
Pell¢, R.; McOdimbea, F.; Chuma, F.; Wasawo, D.; Pearson, T.W.; Murphy, N.B. The African trypanosome cyclophilin A homologue
contains unusual conserved central and N-terminal domains and is developmentally regulated. Gene 2002, 290, 181-191.
[CrossRef] [PubMed]

Nagarkatti, R.; Acosta, D.; Acharyya, N.; de Araujo, EF,; El6i-Santos, S.M.; Martins-Filho, O.A.; Teixeira-Carvalho, A.; Debrabant,
A. A novel Trypanosoma cruzi secreted antigen as a potential biomarker of Chagas disease. Sci. Rep. 2020, 10, 19591. [CrossRef]
[PubMed]

Seo, Y.S.; Jung, E.S.; Kim, J.H.; Jung, YK; Kim, J.H.; An, H.; Yim, H.J.; Yeon, ].E.; Byun, K.S.; Kim, C.D.; et al. Significance of
anti-HCV signal-to-cutoff ratio in predicting hepatitis C viremia. Korean J. Intern. Med. 2009, 24, 302-308. [CrossRef] [PubMed]
Ballani, N.; Gupta, E. Low signal-to-cutoff ratio (5/Co) in the diagnosis of hepatitis C: A diagnostic dilemma? Indian. ].
Gastroenterol. 2015, 34, 413—414. [CrossRef] [PubMed]

White DA, E.; Anderson, E.S.; Basham, K.; Ng, V.L.; Russell, C.; Lyons, M.S.; Powers-Fletcher, M.V.; Giordano, T.P.; Muldrew, K.L.;
Siatecka, H.; et al. Clinical Utility of the Signal-to-Cutoff Ratio of Reactive HIV Antigen/Antibody Screening Tests in Guiding
Emergency Physician Management. J. Acquir. Immune Defic. Syndr. 2022, 89, 332-339. [CrossRef]

Fabbro, D.L.; Streiger, M.L.; Arias, E.D.; Bizai, M.L.; del Barco, M.; Amicone, N.A. Trypanocide treatment among adults with
chronic Chagas disease living in Santa Fe city (Argentina), over a mean follow-up of 21 years: Parasitological, serological and
clinical evolution. Rev. Soc. Bras. Med. Trop. 2007, 40, 1-10. [CrossRef]

Machado-de-Assis, G.F; Diniz, G.A.; Montoya, R.A ; Dias JC, P; Coura, J.R.; Machado-Coelho GL, L.; Albajar-Vinas, P.; Morais
Torres, R.; de Lana, M. A serological, parasitological and clini-cal evaluation of untreated Chagas disease patients and those
treated with benznidazole before and thirteen years after intervention. Mem. Inst. Oswaldo Cruz 2013, 108, 873-880. [CrossRef]
Castro, A.M.; Luquetti, A.O.; Rassi, A.; Chiari, E.; da Cunha Galvao, L.M. Detection of parasitemia profiles by blood culture after
treatment of human chronic Trypanosoma cruzi infection. Parasitol. Res. 2006, 99, 379-383. [CrossRef]

Pinazo, M.].; Thomas, M.C.; Bua, J.; Perrone, A.; Schijman, A.G.; Viotti, R.J.; Ramsey, ] M.; Ribeiro, I.; Sosa-Estani, S.; Lépez, M.C,;
et al. Biological markers for evaluating therapeutic efficacy in Chagas disease, a systematic review. Expert. Rev. Anti-Infect. Ther.
2014, 12, 479-496. [CrossRef]

Fernandez-Villegas, A.; Pinazo, M.].; Maranon, C.; Thomas, M.C.; Posada, E.; Carrilero, B.; Segovia, M.; Gascon, ].; Lopez, M.C.
Short-term follow-up of chagasic patients after benzonidazole treatment using multiple serological markers. BMC Infect. Dis.
2011, 11, 206. [CrossRef]

Floridia-Yapur, N.; Monje-Rumi, M.; Ragone, P,; Lauthier, J.J.; Tomasini, N.; Alberti D’/ Amato, A; Diosque, P.; Cimino, R.; Gil, J.E;
Sanchez, D.O.; et al. TcTASV Antigens of Trypanosoma cruzi: Utility for Diagnosis and High Accuracy as Biomarkers of Treatment
Efficacy in Pediatric Patients. Am. J. Trop. Med. Hyg. 2019, 101, 1135-1138. [CrossRef] [PubMed]

Pinazo Delgado, M.].; Gascén, J. (Eds.) Chagas Disease; Springer Nature: Cham, Switzerland, 2020. [CrossRef]

Fabbro, D.; Velazquez, E.; Bizai, M.L.; Denner, S.; Olivera, V.; Arias, E.; Pravia, C.; Ruiz, A.M. Evaluation of the ELISA-F29 test as
an early marker of therapeutic efficacy in adults with chronic Chagas disease. Rev. Inst. Med. Trop. Sao Paulo 2013, 55, 167-172.
[CrossRef] [PubMed]

Alonso-Padilla, J.; Lopez, M.C.; Esteva, M.; Zrein, M.; Casellas, A.; Gémez, I; Granjon, E.; Méndez, S.; Benitez, C.; Ruiz, AM,;
et al. Serological reactivity against T. cruzi-derived antigens: Evaluation of their suitability for the assessment of response to
treatment in chronic Chagas disease. Acta Trop. 2021, 221, 105990. [CrossRef] [PubMed]

Rivero, R.; Esteva, M.; Huang, E.; Colmegna, L.; Altcheh, J.; Grossmann, U.; Ruiz, A.M. ELISA F29—A therapeutic efficacy
biomarker in Chagas disease: Evaluation in pediatric patients treated with nifurtimox and followed for 4 years post-treatment.
PLoS Negl. Trop. Dis. 2023, in press. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41541-023-00647-5
https://doi.org/10.1515/hsz-2014-0125
https://doi.org/10.1016/S0378-1119(02)00559-0
https://www.ncbi.nlm.nih.gov/pubmed/12062813
https://doi.org/10.1038/s41598-020-76508-1
https://www.ncbi.nlm.nih.gov/pubmed/33177582
https://doi.org/10.3904/kjim.2009.24.4.302
https://www.ncbi.nlm.nih.gov/pubmed/19949727
https://doi.org/10.1007/s12664-015-0593-0
https://www.ncbi.nlm.nih.gov/pubmed/26498021
https://doi.org/10.1097/QAI.0000000000002873
https://doi.org/10.1590/S0037-86822007000100001
https://doi.org/10.1590/0074-0276130122
https://doi.org/10.1007/s00436-006-0172-5
https://doi.org/10.1586/14787210.2014.899150
https://doi.org/10.1186/1471-2334-11-206
https://doi.org/10.4269/ajtmh.18-0936
https://www.ncbi.nlm.nih.gov/pubmed/31516110
https://doi.org/10.1007/978-3-030-44054-1_1
https://doi.org/10.1590/S0036-46652013000300005
https://www.ncbi.nlm.nih.gov/pubmed/23740013
https://doi.org/10.1016/j.actatropica.2021.105990
https://www.ncbi.nlm.nih.gov/pubmed/34090864
https://doi.org/10.1371/journal.pntd.0011440
https://www.ncbi.nlm.nih.gov/pubmed/37352322

	Introduction 
	Results 
	TcCyP19 Cyclophilin Is Secreted in the Extracellular Environment 
	Detection of Antibodies against TcCyP19 Protein in T. cruzi-Infected Mice 
	Detection of Antibodies against TcCyP19 Protein in Chronically Infected T. cruzi Patients 

	Discussion 
	Materials and Methods 
	Parasites 
	Expression and Purification of T. cruzi CyP19 Recombinant Protein 
	Obtention and Purification of Polyclonal Antibodies against TcCyP19 
	Sera from Mice Infected with T. cruzi and Treated in the Acute Phase 
	Sera from Mice Infected with T. cruzi and Treated in the Chronic Phase 
	Sera from Patients Infected with T. cruzi and Treated in the Chronic Phase 
	Immuno-Enzymatic Analysis of Proteins Electrotransferred to Nitrocellulose Membranes (Western Blot) 
	In-House ELISA for Evaluation of Anti-TcCyP19 Antibodies (ELISA-TcCyP19) 
	Statistical Analysis 

	Conclusions 
	References

